The Onychophora are a relic taxon which diverged early in the arthropod radiation and have shown little morphological differentiation for several hundred million years. Jamaica has the richest onychophoran fauna in the Caribbean and although only five species are known, they represent 7 per cent of the global fauna. The present study involved an analysis of allozyme and mtDNA diversity in Plicatoperipatus jamaicensis, an endemic species which is the commonest onychophoran on the island. The work showed that P. jamaicensis includes at least two different species. These taxa are largely allopatric, but co-occur at some sites without interbreeding. Allozyme and mtDNA analyses suggest their divergence in the early Pleistocene, following the Pliocene origin of the Plicatoperipatus lineage from a Macroperipatus ancestor. Allozyme variation in both species was unusually low, but sufficient to confirm that each taxon reproduces sexually. Mitochondrial DNA diversity was abundant in both species and indicated that local aggregations did not consist of kin groups. The mitochondrial genomes of both species were small enough to suggest that their organizations are unusual.
Introduction
The phylum Onychophora originated at least 200-million-years ago, but over this period has shown little morphological differentiation (Ghiselin, 1984) . The group consists of 70 extant species which are partitioned into two families. Members of the Peripatidae are found in Africa, South/Central America, and the Malay Penninsula, while the Peripatopsidae are found in Australasia, Chile and South Africa (Ghiselin, 1984) . The group was initially thought to represent a link between annelids and arthropods, but they are now regarded as a relic taxon which diverged early in the arthropod radiation (Anderson, 1973; Jamieson, 1986; Weygoldt, 1986) .
Onychophorans show variable reproductive behaviour. Most members of the Peripatidae are viviparous, although a few species are ovoviviparous, while members of the Peripatopsidae are either oviparous or ovoviviparous. Despite the prevalence of strongly female-biased sex ratios in natural populations, onychophorans have been assumed to reproduce *present address: Section of Ecology and Systematics, Cornell University, Ithaca, NY 14850 USA.
sexually. Read (1985) however, has recently shown that at least one species (Epiperipatus inthurmi) is a parthenogen. Young of viviparous species develop intra-uterinally for 3-4 months, and immediately after birth remain with their parent. Onychophorans are predators which spray liquified glue at their prey (Read & Hughes, 1987) . This method of prey capture is so expensive, that when a target is missed, the animal reingests the exudate. Onychophorans often occur naturally in small aggregations. The extended period of maternal care and their expensive mode of predation raises the possibility that such aggregations represent kin groups (Havel etal., 1989) .
Due to their rarity and their tropical/subtropical distributions, there have been no prior studies on the population genetics of onychophorans. The present study involved an investigation of the genetic variation in natural populations of Plicatoperipatus jamaicensis, the sole member of a genus endemic to Jamaica (Arnett, 1961; Peck, 1975) . Allozyme analysis has been employed both to verify its mode of reproduction and to examine the extent of genetic diversification among populations at four sites in northeastern Jamaica. Mitochondrial DNA (mtDNA) analysis has provided both an independent estimate of genetic diversification and also made it possible to ascertain if local aggregations represent kin groups.
Materials and methods

Collections
Specimens were obtained from four sites in the John
Crow Mountains (Fig. 4) were typical. Although four species of onychophorans are known from these habitats, only two (P. jamaicensis, Macroperipatus insularis) were encountered in the survey. The former species was far more common (>1000 specimens versus 4). Most individuals were frozen in liquid nitrogen immediately after collection, but those for mtDNA analysis were transported live to the laboratory.
Aiozymes
Allozyme phenotypes were determined at 21 loci including: alkaline phosphatase, arginine phosphokinase (2 loci), fumarase, a-glyceraldehyde dehydrogenase, glycerol-3-phosphate dehydrogenase, glutamate oxaloacetate transaminase, hexokinase, isocitrate dehydrogenase (2 loci), malate dehydrogenase (2 loci), malic enzyme, mannose phosphate isomerase, three peptidases (phenylalanine-proline, leucyl-alanine, leucyl-glycine), phosphoglucomutase, phosphoglucose isomerase, triose phosphate isomerase, and xanthine dehydrogenase. All electrophoresis was carried out on Titan III cellulose-acetate gels using standard methods (Hebert & Beaton, 1989) . Allozyme analyses were initially carried out on all individuals from Sherwood Forest, Packi River and Beacon Hill, as well as on a subsample of 44 individuals from Reach/Ecclesdown. This preliminary survey identified two polymorphic loci at the latter site, and as a result 200 additional individuals from this site were analysed for variation at these loci.
Confirmation of the mating system employed by P. jarnaicensis was obtained by determining the genotypes of progeny removed from the uteruses of heterozygous females. If P. jarnaicensis reproduces asexually, then offspring should themselves be heterozygotes. Alternatively, if P. jarnaicensis is sexual, then segregation should be noted. Interpretation of data was somewhat complicated by the fact that single females carried only 1-3 progeny which were large enough for analysis. By pooling progeny from several females, however, a sufficiently large sample was obtained to ascertain if the population was mating randomly.
MitochondrialDNA
Mitochondrial DNA was extracted from 33 P. jamaicensis (14 from Reach/Ecclesdown, five from Sherwood Forest, eight from Packi River, and six from Beacon Hill). Whole animals were used for mtDNA extractions, once a small piece of tissue had been removed for alloyzme studies. Specimens ranged in weight from 0.11 to 1.51 g. The mtDNA extraction procedure of Billington & Hebert (1988) was followed, with the following modifications: whole animals were homogenized in 15 ml of grinding buffer, and mitochondrial pellets were re-suspended in 2 ml of TE after centrifugation.
P Restriction sites were mapped around the P. jarnaicensis molecule using the conventional double-digest procedure (Maniatis et a!., 1982) . Fragments were sized by reference to size standards of lambda-DNA (digested with Hind III and Eco RI/Hind III) and pBR322 (digested with Hpa II).
Polymorphic fragment patterns within P. jarnaicensis were designated with a letter code (A, B, C, etc.) representing their order of discovery. Thus when the restriction fragment patterns were monomorphic for a particular endonuclease, only an A pattern was designated. Endonucleases that failed to produce cuts were scored as 0. Each individual was allotted a series of letters representing the mtDNA fragment pattern for each enzyme, producing a composite pattern for each animal. Animals with the same composite pattern were classed as members of the same mitochondrial clone (haplotype). The number of restriction sites for each clone and the number of shared sites among clones were calculated. The homology of all patterns was checked using double digests against the restriction fragment map for all monomorphic and polymorphic cut sites.
The maximum likelihood estimate of the number of nucleotide differences/site (d) was calculated among P. jamaicensis mtDNA clones using the method of Nei et al. (1985) . Values of (d) were then used to construct a UPGMA phenogram. Nucleon diversity in each population was determined by the formula of Nei & Tajima(1981) .
Results
Aiozyme variation
Eight multilocus genotypes were detected among the P. jamaicensis from all four sites. Two of these genotypes were detected at two or more sites, while the others were found at only one locality. Nei's (1978) unbiased genetic-identities were calculated among all genotypes as well as for M. insularis. A UPGMA phenogram constructed from these distances showed that the Plicatoperipatus genotypes fell into two distinct groups ( Levels of allozyme variation were low in all taxa (Table 1) . M. insularis was monomorphic, while members of P. jamaicensis group A were polymorphic at one locus, and showed average heterozygosities of 2.5 per cent. Members of group B showed variation at three loci with heterozygosities varying among sites from 0 to 1.9 per cent.
Comparison of allozyme profiles showed that members of group A were fixed for faster alleles at Mpi and Idh-1 than members of group B. Supernatant Got was polymorphic in group A but monomorphic in group B, while the converse was true for mitochondrial Mdh and Apk-2 (Table 2) . However, at all three polymorphic loci the same common allele was shared by both taxa.
Sample sizes at Sherwood Forest and Reach were large enough to permit meaningful analysis of temporal (Fig. 2) .
The usual size for P. jarnaicensis mtDNA was 14,630 60 bp (base pairs). Length inserts of approximately 420 bp occurred, however, in the three clone-7 individuals. These length variants were each due to an insert near map position 49. The insert contained a 310 bp Hind III fragment which appeared to be a partial repeat of the adjacent 350 bp Hind II fragment (Fig. 2) .
Eleven mtDNA clones were resolved based on the composite patterns obtained from the polymorphic endonucleases (Table 4) . These 11 haplotypes were observed among 33 individuals from the four localities. Sequence-divergence comparisons indicated that there were two distinct groups of genotypes (Fig. 3) . Moreover, there was a clear correspondence between allozymic and mtDNA divergence. Thus, the sole member of mtDNA group-A from Packi River was also the sole member of allozyme group-A from this site.
Further analysis of haplotype diversity patterns treated the two groups separately (Fig. 4) . Group-B haplotypes were observed at three sites. Animals at Sherwood Forest consisted of a single clone, while seven different clones were detected at Reach/Ecciesdown. Four haplotypes were detected among six animals sampled in 1988 (2 cl 2, 1 ci 3, 1 ci 4, and 2 cl 7), while in 1989, five clones (2 cl 4, 3 cl 5, 1 cl 6, 1 ci 7, and 1 cl 8) were represented among eight individuals. The Packi River site contained three haplotypes which it shared with Sherwood Forest or Reach. Three group A haplotypes were detected at Beacon Hill, with the dominant group-A hapiotype also being found at Packi River. Nucleon diversity values (Nei & Tajima, 1981) for group-A haplotypes were 0.00 and 0.699 at Beacon Hill, whereas values for group-B haplotypes were 0.00 at Sherwood Forest, 0.667 at Packi River, and 0.891 at Reach. Multiple individuals were analysed at two sites from three different aggregations. Five individuals collected together at Beacon Hill possessed three haplotypes (2 cl 9, 1 cl 10, 2 clii). At Packi River, two aggregates were analysed. The first included three haplotypes (1 each of cl 1, 2, and 3), while a second aggregate consisted of two haplotypes (3 cli, and 1 cl 3). One of these clone-i individuals was distinct from the others in that it showed a small (100 bp) length increase.
Discussion
The island of Jamaica first formed at least 60-millionyears ago, but subsidence during the Eocene resulted in its submergence (Buskirk, 1985) . The island reemerged about 20-million-years ago and reached its current size over the next 10-million-years. Soon after its emergence, Jamaica was colonized by Central American elements which island hopped along the Nicaraguan rise (Buskirk, 1985) .
The onychophoran fauna of Jamaica includes five species belonging to five genera. Two of the genera are endemic, but the others (Epiperipatus, Macroperipatus, Peripatus) are broadly distributed in Central and South America, as well as the Caribbean. Their presence suggests the colonization of Jamaica on at least three occasions over the past 20 million years and the subsequent evolution of the endemic genera Plicatoperipatus and Speleoperipatus. There have, however, been no attempts to ascertain phylogenetic relationships among members of the Jamaican fauna.
The present study focused on P. jamaicensis, the sole recognized species in this genus, and the most widely distributed onychophoran in Jamaica. Both mtDNA and allozyme analysis revealed the presence of two genetically divergent groups in northeastern Jamaica. Evidence that these groups represented two Harrison eta!. (1985) Coch!iomyia hominivorax 16.0 Roehrdanz (1989) Schizaphis graminum 18.0 Powers eta!. (1989) species was strengthened by their co-occurrence without interbreeding at Packi River. The two taxa show an allozyme divergence of 0.15 D which corresponds to a divergence time of 2.85 (± 1.71) myrbp employing the most generally accepted calibration of the allozymic clock which assumes that one unit of D is equivalent to 19-million-years (Carlson et a!., 1978; Vawter et a!., 1980 ). An independent estimate of their divergence time can be obtained from the mitochondrial-sequence comparison. Nucleotide substitutions in the mitochondrial genome occur at a rate of approximately 2 per cent million years1 (Brown 1983; DeSalle et al., 1987; Moritz et a!., 1987; Caccone et al., 1988 Levels of allozyme variation were lower in both Plicatoperipatus species than in most other invertebrate groups (Nevo et al., 1984) . M. insularis appeared to lack variation completely, suggesting that onchophorans may generally share with groups, such as aphids and hymenopterans, a lack of variation. The presence of some allozyme variation, coupled with joint maternal/offspring analysis, made it possible to verify that both species of Plicatoperipatus reproduce sexually. The paucity of variation, however, made it impossible to ascertain if aggregations represented kin groups. Mitochondrial DNA analysis revealed substantial diversity, with three haplotypes in group-A and nine in group-B. Sequence divergence among haplotypes in each group was less than 1 per cent, a value similar to that noted in other intraspecific studies (DeSalle et a!., 1986; Crease eta!., 1989) . Analyses at both Beacon Hill and Ecciesdown showed that aggregations included two or more haplotypes, indicating that they were not mother-offspring associations.
The mitochondrial genome of most P. jamaicensis s.l. was approximately 14.6 kb in length, one of the smallest yet observed. No vertebrate is known to possess a mitochondrial genome smaller than 15.5 kb (Brown, 1983) and those of most invertebrates are larger than 15.0 kb (Table 5 ). Smaller genomes have been detected in a trematode (14.5 kb) and two nematodes (13.8, 14.3 kb), but their miniaturization has involved an alteration in genome structure. Thus the trematode has a unique tRNA structure (Hyman, 1988) , while the nematodes show both loss of the ATPase 8 gene and tRNA modification (Garey & Woistenholme, 1989) . Further study is required to ascertain how P. jamaicensis has accomplished reduction of its genome size. The current study revealed one haplotype which contained a 420 bp insert, which appeared to have arisen as a result of tandem duplication. Prior studies have shown that length variation is not rare among invertebrates (Moritz et al., 1987) and that inserts typically occur in the A+ T rich region.
